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Abstract 

Olivine-type  LiFeP04  cathode  materials  were  synthesized  by  a  solid-state  reaction  method  and  ball-milling.  The  ball-milling  time,  heating  time 
and  heating  temperature  are  optimized.  A  heating  temperature  higher  than  700  °C  resulted  in  the  appearance  of  impurity  phase  Fe2P  and  growth  of 
large  particle,  which  was  shown  by  high  resolution  X-ray  diffraction  and  field  emission  scanning  electron  microscopy.  The  impurity  phase  Fe2P 
exhibited  a  considerable  capacity  loss  at  the  1st  cycle  and  a  gradual  increase  in  discharge  capacity  upon  cycling.  Moreover,  it  exhibited  an  excellent 
high-rate  capacity  of  104mAhg_1  at  3  C  in  spite  of  the  large  particle  size.  The  optimum  synthesis  conditions  for  LiFeP04  were  ball-milling  for 
24  h  and  heat-treatment  at  600  °C  for  3  h.  LiFeP04/Li  cells  showed  an  enhanced  cycling  performance  and  a  high  discharge  capacity  of  160  mAh  g-1 
at  0.1  C. 

©  2008  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

There  is  an  increasing  demand  for  batteries  with  a  high  energy 
density  for  use  in  hybrid  electric  vehicles  (HEVs),  power  stor¬ 
age,  portable  electronic  devices,  etc.  [1-3].  LiCoCE  is  used  as 
the  cathode  material  for  commercial  lithium  batteries  [4],  but 
its  high  cost,  environmental  pollution  and  thermal  instability 
have  created  a  demand  for  alternative  materials.  LiFePC>4  is 
a  promising  candidate  due  to  its  ability  to  provide  long  cycle 
life  and  high  rate  in  spite  of  high  temperatures  [5-8],  LiFePC>4 
has  a  two-phase  reaction  of  LiFePCU/FePCU  and  an  excellent 
theoretical  capacity  of  170mAhg_1  based  on  Fe2+/Fe3+  lead¬ 
ing  to  very  flat  voltage  curve  with  a  plateau  around  3.4  V  vs. 
Li/Li+  [9,10].  Nevertheless,  it  is  difficult  to  make  practical  use 
of  the  full  theoretical  capacity  at  high  rate,  because  the  separa¬ 
tion  of  the  chain  of  FeOe  edge-shared  octahedral  contributes  an 
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extremely  low  electronic  conductivity  [5-11].  Many  researchers 
have  suggested  solutions  to  this  problem  as  follows:  (i)  coat¬ 
ing  with  a  conductive  layer  around  the  particles  [12];  (ii)  ionic 
substitution  to  enhance  the  electrochemical  properties  [13-15] 
and  (iii)  synthesis  of  particles  with  well-defined  morphology 
[16]. 

Olivine-type  LiFeP04  can  be  synthesized  by  a  solid-state 
reaction  method  [5,6,8,9,11, 14, 17],  by  sol-gel  [18],  by  mechan¬ 
ical  activation  (MA)  [19-21],  by  microwave  heating  [22],  etc. 
Among  these  methods,  olivine-type  LiFeP04  has  been  heat- 
treated  at  >600  °C  [8].  The  solid-state  reaction  has  been  widely 
adopted  for  synthesis  of  pure  crystalline  olivine-phase  LiFePOa; 
however,  this  method  is  complex,  including  repeated  grinding 
to  gain  homogenous  particles  and  several  steps  at  high  temper¬ 
ature  to  impede  formation  of  the  impurity  phase.  This  repeated 
heating  treatment  results  in  the  formation  of  large  particles 
[6,17], 

In  other  synthetic  methods,  the  effect  of  using  ball-milling 
to  synthesize  LiFePC>4  has  been  reported  by  several  research 
groups  [19-21,23].  In  recent  studies,  MA  methods  have  been 
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investigated  for  the  synthesis  of  LiFePCU  in  which  the  starting 
materials  are  mixed  for  production  of  the  precursor  in  a  high- 
energy,  shaker-type  ball-mill  (>1000  rpm),  followed  by  a  one- 
step  thermal  treatment  of  the  compound  [20,21],  It  has  been 
reported  that  the  impurity  Fe2P  phase  appears  during  heating 
treatment  at  high  temperature  (>700  °C);  nevertheless,  the  time 
and  cost  of  thermal  treatment  for  well-crystallized  LiFePCU  can 
be  decreased  by  this  process. 

In  this  study,  LiFePCU  was  synthesized  by  a  solid-state  reac¬ 
tion  method  and  ball-milling  procedure  in  which  a  planetary 
mono-mill  was  used  to  mix  the  starting  materials  at  a  low  speed 
(300  rpm),  and  LiFePCU  was  synthesized  by  a  one-step  ther¬ 
mal  treatment.  The  synthesis  conditions,  such  as  heating  time, 
heating  temperature  and  ball-milling  time  were  investigated 
by  high-resolution  X-ray  diffraction  (HR-XRD),  field  emission 
scanning  electron  microscopy  (FE-SEM)  and  charge-discharge 
experiments  to  evaluate  the  electrochemical  performance  of 
LiFePC>4  as  a  cathode  material. 

2.  Experimental 

LiFeP04  was  prepared  by  the  solid-state  reaction  of  stoichio¬ 
metric  amounts  of  Li2C03,  FeC2C>4-2H20  and  NH4H2PO4  (all 
from  Aldrich).  The  precursors  were  mixed  by  ball-milling  (Plan¬ 
etary  Mono-Mill,  FRITCH)  in  A-methyl-2-pyrolidinone  (NMP, 
Aldrich)  at  300  rpm  for  various  lengths  of  time  and  then  dried  at 
90  °C  for  24  h.  Ball-milling  was  carried  out  at  room  temperature 
in  air  using  a  zirconia  vial  and  balls  (ball/powder  weight  ratio 
5:2).  The  mixture  was  pelleted  and  heated  in  a  nitrogen  atmo¬ 
sphere  at  various  temperatures  from  550  °C  to  700  °C  for  various 
lengths  of  time.  All  heating  and  cooling  rates  were  5  °C  min-1 . 

The  mixed  composite  powders  were  analyzed  by  thermo- 
gravimetric  analyzer.  The  crystalline  phase  of  the  synthesized 
powders  was  obtained  using  HR-XRD  (D/MAX  Uitima  III, 
Rigaku)  with  Cu  Ket  radiation  and  the  morphological  properties 
were  observed  by  FE-SEM  (S-4700,  Hitachi). 


Temperature(°C) 


Fig.  1.  TG  curve  of  LiFePCV  at  a  heating  rate  of  10  °C  min  1  in  nitrogen. 


For  the  electrochemical  testing,  the  composite  electrodes 
were  fabricated  using  as-prepared  cathode  materials,  carbon 
black  and  poly  vinylidene  fluoride  (PVDF)  with  a  weight  ratio  of 
70:20: 10  in  NMP.  The  slurry  was  coated  onto  A1  foil  and  dried  at 
90  °C  for  1  h  before  roll-pressing,  and  then  the  electrodes  were 
dried  again  at  110°C  for  24  h  under  vacuum.  The  cells  were 
assembled  in  argon-filled  glove  box  using  lithium  as  the  anode 
and  1M  LiPFg/EC-DEC  (1:1  vol%)  as  the  electrolyte.  Cyclic 
voltammetry  (CV)  was  performed  at  a  scan-rate  of  0.1  mV  s-1 
from  2.3  V  to  4.5  V.  The  charge-discharge  cycle  performance 
was  examined  in  galvanostatic  charge-discharge  unit  WBCS- 
3000  battery  cycler  from  2.5  V  to  4.0  V  at  a  constant  current 
density  of  O.lmAcm-2  at  25  °C. 
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Fig.  2.  XRD  spectra  of  LiFePQr  prepared  (a)  at  various  temperatures  for  3  h 
and  (b)  at  600  °C  for  different  lengths  of  time  (ball-milling  for  24  h). 
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3.  Results  and  discussion 

The  thermogravimetry  (TG)  curve  of  mixed  powders  used  to 
prepare  LiFePCU  is  shown  in  Fig.  1 .  TG  analysis  is  used  to  deter¬ 
mine  the  appropriate  temperature  for  the  heat  treatment.  The  TG 
curve  exhibited  50%  weight  loss  until  420  °C  due  to  decompo¬ 
sition  of  FeC204-2H20  and  its  reaction  with  the  decomposed 
product  of  NH4H2PO4,  and  then  the  product  weight  decreases 
slightly  at  temperatures  >500  °C.  From  the  above  results  for 
TG  analysis,  temperatures  above  500  °C  were  chosen  to  prepare 
LiFeP04. 

To  confirm  the  suitability  of  the  heating  conditions  chosen, 
a  simple  one-step  heating  treatment  at  various  temperatures 
for  different  lengths  of  time  was  carried  out.  The  results  of 
the  XRD  patterns  of  samples  prepared  under  various  heating 
conditions  are  shown  in  Fig.  2.  All  diffraction  peaks  of  the  sam¬ 
ples  were  identified  as  belonging  to  the  orthorhombic  crystal 
structure.  However,  impurity  phase  Fe2P  around  26  =  40°  was 
detected  in  the  sample  prepared  at  700  °C  for  3h  (Fig.  2(a)). 
Several  researchers  have  suggested  that  Fe2P  has  a  high  elec¬ 
tronic  conductivity  of  ~10_2Scm_1,  which  is  formed  by  a 
carbonthermal  reaction  at  high  temperature,  with  an  increased 
electronic  conductivity  of  LiFeP04  and  a  decreased  ionic  con¬ 
ductivity  of  LiFeP04  [20,24-26].  As  shown  by  XRD,  the 
generation  of  impurity  phase  Fe2P  can  be  realized  by  heating  at 
700  °C. 


The  effect  of  heating  temperature  was  investigated  by  FE- 
SEM  and  the  images  are  shown  in  Fig.  3.  The  samples  prepared 
at  550  °C,  600  °C  and  650  °C  consist  of  non-uniform  fine  parti¬ 
cles  with  a  size  range  of  100-400  nm,  as  shown  in  Fig.  3(a)-(c). 
However,  the  particle  size  of  LiFeP04  prepared  at  700  °C  is  con¬ 
siderably  larger,  as  shown  in  Fig.  3(d).  The  growth  of  particle  size 
was  reflected  as  a  low  electrical  conductivity  and  slow  diffusion 
of  the  lithium  ions  during  charge-discharge  [16,27-29], 

The  samples  heated  at  600  °C  and  700  °C  were  examined 
by  cyclic  voltammetry  to  compare  pure  LiFeP04  with  LiFeP04 
containing  Fe2P.  The  cells  were  tested  between  2.3  V  and  4.5  V 
at  a  scanning  rate  of  0.1  mV  s-1,  and  the  results  are  shown 
in  Fig.  4.  This  indicates  that  Fe2+/Fe3+  redox-pairs  contribute 
to  the  gain  and  loss  of  electrons  in  the  crystal  structures  of 
both  samples  during  the  lithium  insertion/extraction  process. 
However,  the  cathodic  and  anodic  peak  intensities  of  LiFeP04 
containing  Fe2P  prepared  at  700  °C  were  much  larger  than  that 
of  pure  LiFeP04.  The  difference  between  the  cathodic  and 
anodic  peaks  decreased  upon  cycling,  demonstrating  that  the 
reversible  electrochemical  reaction  of  LiFeP04  is  enhanced  due 
to  improvement  of  the  electronic  conductivity  by  Fe2P 

The  discharge  curves  for  the  10th  and  20th  samples  pre¬ 
pared  from  550  °C  to  700  °C  are  shown  in  Fig.  5.  The  discharge 
potential  plateaus  of  samples  were  at  3.4  V  vs.  Li/Li+,  except 
for  the  sample  prepared  at  550  °C.  However,  discharge  poten¬ 
tial  plateau  of  sample  prepared  at  700  °C  is  improved  at  the 


Fig.  3.  FE-SEM  images  of  LiFePOa  prepared  at  (a)  550  °C,  (b)  600  °C,  (c)  650  °C  and  (d)  700  °C  (thermal  treatment  for  3  h). 
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Fig.  4.  Cyclic  voltammograms  of  LiFePC>4  prepared  at  (a)  600  °C  and  (b) 
700  °C. 
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Fig.  5.  The  discharge  curves  of  LiFePC>4  prepared  at  (a)  550  °C,  (b)  600  °C, 
(c)  650  °C  and  (d)  700  °C  (at  the  10th  and  20th  cycles).  The  inset  shows  the 
corresponding  cycle  ability  of  the  samples. 


20th  cycle  compared  with  the  other  samples.  The  cycling  per¬ 
formance  of  these  samples  is  shown  in  the  inset  of  Fig.  5.  The 
cell  of  samples  heated  at  600  °C  can  deliver  a  discharge  capac¬ 
ity  of  140  mAh  g-1  at  the  1st  cycle.  The  discharge  capacity  of 
other  samples  was  increased  slightly  in  the  initial  few  cycles  and 
then  stabilized  upon  cycling.  The  similar  phenomenon  has  been 
reported  elsewhere  [19,30-32].  Zhang  et  al.  [31]  suggested  that 
such  phenomena  were  associated  with  self-doping  of  Li+  ions 
into  the  Fe  site  during  the  initial  cycles,  which  increased  the  elec¬ 
tronic  conductivity  of  the  bulk  of  the  LiFePCU  cathode  resulting 
in  enhanced  capacity.  However,  the  sample  prepared  at  700  °C 
had  a  gradual  increase  of  discharge  capacity  until  the  50th  cycles, 
as  shown  in  the  inset  of  Fig.  5.  It  is  likely  that  the  growth  of  large 
particles  leading  to  little  intercalation/deintercalation  of  lithium 


ions  results  in  an  initial  loss  of  discharge  capacity  and  a  gradual 
increase  of  capacity  upon  cycling  is  due  to  an  effect  of  F^P, 
which  has  a  high  level  of  electronic  conductivity  [26]. 

The  morphological  properties  of  samples  prepared  at  the  opti¬ 
mum  temperature  of  600  °C  for  different  lengths  of  time  are 
described  in  Fig.  6.  The  sample  prepared  for  1  h  consists  of 
small  clusters  and  agglomerates  with  an  average  particle  size 
<  400  nm,  and  sample  prepared  for  3  h  had  a  slightly  smaller 
particle  size,  as  shown  in  Fig.  6(b).  In  contrast,  heating  for  6h 
and  12  h  causes  the  small  clusters  to  fuse  together  into  large 
agglomerates,  as  shown  in  Fig.  6(c)  and  (d).  It  is  clear  that  the 
average  particle  size  increases  with  increasing  heating  time. 

The  discharge  capacity  of  these  samples  upon  cycling  is 
shown  in  Fig.  7.  As  expected  from  the  FE-SEM  results,  the  sam- 
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Fig.  6.  FE-SEM  images  of  LiFeP04  prepared  at  600  °C  for  (a)  1  h,  (b)  3  h,  (c)  6  h  and  (d)  12  h. 


pie  prepared  for  3  h  had  the  smallest  particle  size  and  a  higher 
discharge  capacity  and  a  more  stable  cycle  life  than  the  others, 
as  shown  in  Fig.  7(b).  However,  other  samples  had  a  similar 
trend  of  cyclic  performance,  with  an  initial  loss  of  capacity  and 


stability  of  the  cycle  performance  after  a  few  cycles,  as  shown 
in  Fig.  7(a)  and  (c).  It  is  especially  clear  for  the  sample  prepared 
for  12  h,  which  consists  of  particles  >500  nm  and  had  the  lowest 
discharge  capacity  in  the  initial  cycle  and  a  considerable  increase 
in  capacity  until  the  10th  cycle.  This  is  likely  due  to  the  growth 
of  particle  size  leading  to  little  intercalation/deintercalation  of 
lithium  ions  for  a  few  initial  cycles,  even  though  the  impurity 
phase  Fe2P  is  not  detected  by  XRD.  On  the  basis  of  previous 
results,  it  is  concluded  the  optimal  thermal  treatment  condition 
to  obtain  pure  LiFePOa  using  ball-milling  is  600  °C  for  3  h. 

The  morphological  properties  of  powders  mixed  by  ball¬ 
milling  are  shown  in  Fig.  8.  These  mixing  precursors  were 
heat-treated  commonly  at  600  °C  for  3  h.  The  particle  size  was 
slightly  smaller  with  increased  ball-milling  time.  Moreover, 
the  average  crystallite  size  of  the  samples  prepared  for  ball¬ 
milling  times  of  6  h,  12  h,  24  h  and  36  h  is  estimated  to  44.34  nm, 
42.79  nm,  37.11  nm  and  35.76  nm,  respectively.  The  crystallite 
size  of  the  samples  was  calculated  using  the  Scherrer  equation: 
a  =  O.9A./(/320COS  0),  from  the  full-width-at-half-maximum  fi  of 
four  strong  and  well-resolved  reflection  peaks  corresponding  to 
the  [1 0 1],  [1 1 1],  [2 1 1]  and  [3  1 1]  crystallographical  direc¬ 
tions  from  XRD  (data  not  shown).  FE-SEM  observations  and 
the  calculated  crystallite  size  suggest  that  the  small  precursor 
contributes  to  formation  of  small  crystallites.  The  initial  small 
precursor  is  expected  to  react  well  during  thermal  treatment  due 
to  increased  contact  surface  area  between  the  precursor  particles. 
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Fig.  8.  FE-SEM  images  of  precursor  materials  prepared  by  ball-milling  for  (a)  6h,  (b)  12h,  (c)  24  h  and  (d)  36  h  (heat  treatment  at  600  °C  for  3h). 


In  addition,  the  results  revealed  that  particle  size  of  initial  pre¬ 
cursor  is  not  associated  with  generation  of  the  impurity  phase 
Fe2P.  Its  discharge  capacity  is  shown  in  Fig.  9,  and  the  sample 


Cycle  Number 


Fig.  9.  The  discharge  capacity  of  LiFePC>4  prepare  by  ball-milling  for  (a)  6  h, 
(b)  12  h,  (c)  24  h  and  (d)  36  h. 


ball-milled  for  24  h  had  the  best  electrochemical  performance. 
The  sample  ball-milled  for  36  h  had  the  smallest  crystallite  size, 
and  had  lower  discharge  capacity  than  the  sample  ball-milled 
for  24  h.  It  is  likely  that  the  inordinate  reduction  of  crystallite 
size  makes  the  insertion  and  extraction  of  Li+  ions  difficult.  On 
the  basis  of  these  results,  the  optimum  processing  conditions  for 
obtaining  LiFeP04  are  ball-milling  for  24  h  and  heat-treatment 
at  600  °C  for  3h. 

The  charge  and  discharge  tests  at  various  current  rates  rang¬ 
ing  from  0.1  C  to  3C  (1  C=  170mAg_1)  were  done  to  further 
compare  pure  LiFeP04  with  LiFeP04  containing  FeiP,  and 
the  results  are  shown  in  Fig.  10.  Pure  LiFeP04  was  synthe¬ 
sized  at  600  °C  for  3h  and  LiFeP04  with  FeoP  was  prepared 
at  700  °C  for  3h.  In  the  case  of  the  pure  LiFeP04/Li  cell, 
the  discharge  capacity  was  160mAhg_1  (93%  of  theoretical 
capacity)  at  0. 1 C;  however,  it  decreased  steeply  to  90  mAh  g-1 
(56%  of  its  initial  value)  at  the  high  current  rate  of  3  C.  This 
is  due,  in  large  part,  to  low  diffusion  rate  of  lithium  ions  for 
limiting  the  supply  of  electrons  into  the  cathode  materials  [33]. 
On  the  contrary,  the  discharge  capacity  of  LiFeP04  with  Fe2P 
was  150mAhg_1  at  0.1  C  (88%  of  theoretical  capacity)  and 
104  mAh  g-1  (69%  of  its  initial  value)  at  3  C,  respectively.  This 
demonstrated  that  improvement  of  the  electronic  conductivity 
of  inter-particles  by  the  effect  of  Fe2P  can  further  improve 
the  capacity  at  high  current  rate  in  spite  of  its  large  particle 
size. 
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Fig.  10.  The  rate  performance  of  (a)  LiFePC>4  prepared  at  600  °C  for  3  h  and  (b) 
LiFePC>4  with  Fe2P  prepared  at  700  °C  for  3  h.  The  sample  was  cycled  5  times 
at  each  rate  and  forwarded  to  the  next  step. 

4.  Conclusions 

LiFePC>4  has  been  synthesized  successfully  by  a  solid-state 
reaction  method  including  a  one-step  heat  treatment  and  ball¬ 
milling.  The  XRD  results  indicated  that  the  impurity  phase  Fe2P 
is  detected  only  in  samples  prepared  at  700  °C.  Moreover,  this 
sample  had  the  largest  particle  size.  The  effect  of  impurity  phase 
Fe2P  on  the  electrochemical  performance  of  LiFePCU  was  an 
initial  loss  and  then  a  gradual  increase  in  discharge  capacity 
upon  cycling.  The  optimum  synthesis  conditions  for  obtaining 
pure  LiFePC>4  based  on  the  cycling  performance  were  found  to 
be  ball-milling  for  24  h  and  heat- treatment  at  600  °C  for  3h. 
This  sample  had  a  discharge  capacity  of  160mAhg_1  at  0.1  C 
and  stable  cycle  performance.  LiFePCU  with  Fe2P  displayed  an 
excellent  high-rate  capacity  of  104mAhg_1  at  3  C,  compared 
to  pure  LiFePCU  with  a  high-rate  capacity  of  90  mAh  g_  1  at  3  C. 
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